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The static and dynamic properties of spin-polarons in La-doped CaMnO3 are explored theoreti-
cally, by means of an effective low energy Hamiltonian. All parameters from the Hamiltoniain are
evaluated from first principles theory, without adjustable parameters. The Hamiltonian is used to
investigate the temperature stability as well as the response to an external applied electric field,
for spin-polarons in bulk, surface and as single two-dimensional layers. Technically this involves
atomistic spin-dynamics simulations in combination with kinetic Monte Carlo simulations. Where
a comparison can be made, our simulations exhibit an excellent agreement with available exper-
imental data and previous theory. Remarkably, we find that excellent control of the mobility of
spin-polarons in this material can be achieved, and that the critical parameters deciding this is the
temperature and strength of the applied electrical field. We outline different technological implica-
tions of spin-polarons, and point to spin-polaronics as an emerging sub-field of nano-technology. In
particular, we demonstrate that it is feasible to write and erase information on atomic scale, by use
of spin-polarons in CaMnO3.
I. INTRODUCTION
In the classical formulation, a polaron is a charged car-
rier localised in a potential well created via self-induced
polarisation in the polar crystal [1, 2]. The polaron
concept has been extended to the systems with mag-
netic interactions, which leads to a new phenomenon,
the so-called spin-polaron. Similarly to the classical po-
laron, the spin-polaron describes a localised charge car-
rier. However, in this case, the quasiparticle stabilises
due to the strong magnetic interaction of an impurity
spin and spin states of the host material [3]. In the liter-
ature this quasiparticle can be found under a large variety
of terms− spin-polaron [3], magnetic polaron [4], ferron
[5, 6], to give some examples.
The seminal work [7] studying the spin-polaron quasi-
particle triggered great interest and has been followed
by an extensive number of publications employing sev-
eral theoretical methods [4, 6, 8–10]. These studies are
not only of academic interest but have a major impor-
tance in the understanding of e.g. the magneto-transport
and magneto-optical effects [11], high-temperature super-
conductivity [12], colossal magnetoresistance phenomena
[13].
Magnetic polaron formation is a complex quantum-
mechanical phenomenon which encompasses electronic,
lattice and magnetic effects and their correlations. A
carrier that binds to a self-induced magnetisation, can
lower the energy of the system, compared to the un-
bound configuration. Therefore, a gain in magnetic en-
ergy due to a carrier localization outweighs the cost of
e.g. temperature fluctuations, kinematic energies of elec-
tron hopping and possibly a local lattice deformation. In
the antiferromagnetic (AFM) lattice, a spin-polaron sta-
billisation locally breaks magnetic symmetry suppressing
long-range antiferromagnetic interactions, such that in-
stead local ferromagnetic interactions are preferred. In a
one-dimensional AFM spin chain, the polaron forms over
a FM alignment of N spins [15]. In 2D and 3D systems,
magnetic polarons can form with a number of spatial
configurations [16, 17].
Studying spin-polaron dynamics increases the com-
plexity of the physical picture compared to regular po-
larons. As we discussed above, a spin-polaron in an AFM
lattice is associated with a local region that carries a FM
spin alignment over a few atomic sites. Therefore a spin-
polaron motion will be reflected by how this FM region
propagates in the spin subsystem, something we rely on
in this investigation. According to the theory of rate pro-
cesses, the transition rate of this quasiparticle depends on
e.g. its size, carrier propagation regime, adiabatic or non-
adiabatic behaviour and intrinsic material parameters of
the system[18–20] .
In this study different aspects of spin-polaron physics
are explored in La-doped CaMnO3, an orthorhombic (
Pnma) semiconductor which stabilises in bipartite (G-
AFM) [21] magnetic structure (TN=125K). The spin-
polaron formation in this compound can be described
according to the following mechanism. Excess electrons,
injected via La doping, accumulate on Mn(eg) orbitals lo-
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Figure 1: (Color online) G-AFM supercell with one immersed
seven-site spin-polaron (marked with red bars, upper left cor-
ner). Blue and red sites refer to atoms with magnetisation
pointing up and down, respectively. In the insets (right hand
part of the plot), we illustrate magnetic clouds (spin-polarons)
in a free standing two-dimensional layer, on the surface and in
bulk. The direction between nearest neighbour Mn atoms is
along < 001 > and next nearest neighbours is along < 101 >.
Also, the polarons are ferromagnetically polarized along the
< 101 > direction, according to Ref.[14].
cally increasing the nominal charge of Mn from 4+ to 3+.
Due to the strong Hund’s coupling, carrier localization
on Mn3+ ions is possible only via spin-flip events, where
the entire atomic moment reverses its nearest neighbour
exchange from anti-ferromagnetic to ferromagnetic align-
ment, such that a local FM region is formed (see Fig.1)
[16, 17, 22]. In other words, the carrier localisation is
suggested to lead to magnetic phase separation governed
by an interplay of the AFM superexchange of the host
and a FM double-exchange of FM region [23–26].
Experimentally, FM-droplets have been determined for
La-doped CaMnO3, in the La concentration range of
0.01 − 0.10 [14, 27–34]. Neutron powder diffraction and
DC-magnetization techniques reported an average FM-
droplet size of about 10 A˚ [32, 34], a magnitude that
corresponds to a 7-13 site spin-polaron [16, 17, 22]. In-
terestingly, experimentally observed dynamical proper-
ties of magnetic polarons provide agreement with differ-
ent theoretical models. For instance, Hall-mobility and
thermopower analysis reported large polaron in the inter-
mediate coupling regime [35]. Measurement of the elec-
tric conductivity of CaMnO3−LaMnO3 system [36–38]
are in good agreement with the adiabatic small-polaron
model [39, 40].
Theoretically, there were several attempts to study
magnetic polarons in LaxCa1−xMnO3. In a pioneer
ab-initio work it has been shown that the spin-polaron
sites exhibit eg character [16]. Recently, an ab-initio
study proposed a detailed microscopic description of
magnetic polarons using DFT+U as well as a hybrid
functional for the electronic subsystem[41]. This inves-
tigation demonstrated that interactions beyond conven-
tional parametrizations of DFT were needed to obtain eg
localization on the polaronic (Mn) sites. Moreover, the
authors of Ref.[41] found that the excess charges mainly
localize in a double-exchange active (101) plane. Also, it
was shown in this work that the size and intrinsic charac-
teristics of the magnetic polarons strongly depend on the
La concentration. At lower concentration ( x < 0.02),
spin-polaron formation is driven mainly via magnetic ef-
fects. With increasing La concentration, both lattice and
magnetic effects start to play a significant role.
The present study is a multiscale approach that in-
volves ab-initio theory, magnetisation dynamics and ki-
netic Monte Carlo simulations, to address the dynam-
ical properties of spin-polarons in two and three di-
mensions (2D and 3D respectively). We start by in-
troducing an effective Heisenberg model for the spin-
polaron, corresponding to the LaxCa1−xMnO3 anti-
ferromagnetic lattice. The material specific exchange
interaction parameters incorporated in the Heisenberg
model have been extracted from the DFT+U calculations
combined with the Liechenstein-Katsnelson-Antropov-
Gubanov (LKAG) formalism[42]. To study spin-polaron
dynamics, we have evaluated energy barriers of single
polaron hoping, using the frame-work of Marcus-Emin-
Holstein-Austin-Mott theory (MEHAM), previously in-
troduced for polarons in Refs.43–45. With these barriers
and an effective spin-Hamiltonian that is extended to al-
low for polaron jumps, via Kinetic Monte Carlo (KMC)
simulations, we have evaluated single- and multi-polaron
dynamics for a range of temperatures and external elec-
tric fields (E-fields). Detailed information about polaron
dynamics is presented, both when it comes to its stabil-
ity with respect to thermal fluctuations, as well as the
possibility to utilize these objects in nano-technology, as
carriers of information.
DETAILS OF CALCULATIONS
In order to get the insight into the microscopic mag-
netic properties of the doped CMO, a series of calcula-
tions were performed using the ”RSPt” code[57], based
on the full-potential realisation of the linear-muffin-tin-
orbital method. The calculations were done on a grid
of 14×10×14 k-points to ensure the convergence of the
exchange integrals.
The effective exchange integrals (Jij) between Mn
magnetic moments were extracted by means of the mag-
netic force theorem[58, 59] as implemented in RSPt[60].
We have employed the basis set, containing three types
of the basis functions, characterised by different kinetic-
energy tails ({−0.3,−2.3,−1.5}Ry) and all three of them
3were used to describe each of Mn-3d orbitals. In order to
perform DFT+U and, consequently, the Jij calculation,
these states were projected onto the muffin-tin head of
Mn (for details, see e.g. Ref. 60). To have a clearer pic-
ture of the super-exchange versus double-exchange com-
petition, we have performed the orbital decomposition of
the exchange parameters as was done in Refs. 61, 62.
We have also performed an additional set of calcula-
tions in a supercell containing an actual spin-polaron and
obtained qualitatively similar trends for exchange param-
eters as in case of homogeneous distribution of additional
charge density. Although, the accuracy of those calcula-
tions was limited by a low number of k-points. The latter
parameter is crucial for the calculation of the Jij ’s and
therefore the results are not reported here. The most im-
portant outcome of these simulations is that the effective
exchange interactions within the FM region were found
to be substantially anisotropic as compared with VCA-
derived results. The main reason of anisotropy around
Mn3+ ions is attributed to Jahn-Teller distortion of the
local ionic octahedral environment, which is not taken
into account in a VCA calculation. The distortion results
in the different population of the x2−y2 and 3z2 orbitals
and hence the anisotropy of the magnetic couplings. This
is also consistent with the anisotropy of the transition
barriers, obtained in the series of calculation described
in Sec III of the main text. Apart from the more pro-
nounced anisotropy, the obtained Jij’s were qualitatively
similar to the ones obtained with a simplified VCA cal-
culations.
The thermal effects of the magnetic moments in the
AFM system were studied solving The Landau-Lifshitz-
Gilbert equation, as implemented in the UppASD pack-
age [68], where each atomic magnetic moment, mi, is
considered to be a three dimensional (3D) vector with
constant magnitude
∂mi
∂t
= − γ
1 + α2
mi×Beffi −
γ
1 + α2
α
m
[
mi ×
[
mi ×Beffi
]]
(1)
where γ is the gyromagnetic ratio, α is the Gilbert damp-
ing parameter and Beffi is the effective field at the i-th
site, which is defined as
Beffi = −
∂HHeis
∂mi
+Bthermi (T ). (2)
In this expression HHeis is the Heisenberg Hamiltonian,
containing all the interactions which model the system,
and the second term is an stochastic field which intro-
duces temperature effects.
The thermal field is modeled by using Gaussian white
noise, which fulfills the following properties:
〈Bthermi (T ) = 0〉
〈Btherm,ki (t)Btherm,lj (t′)〉 = 2Dδijδklδ(t− t′), (3)
where D is the amplitude of the field D = α(1+α2)
kBT
µBm
,
where i and j are the lattice sites, k and l are the vector
coordinates and T is the temperature, respectively.
The calculations to estimate SP hopping barriers were
carried out in the DFT framework using the VASP code
[63, 64]. We used the DFT+U methodology employ-
ing the Lichtenstein’s approach[66] with U= 3.9 eV and
J=0.9 eV for Mn 3d states. More details regarding our
choice of Hubbard U for this system can be found in
Ref.[41]. The calculations of barriers were done for three
cases: 1) bulk supercell; 2) 9 layer surface slab and 3) a
diatomic layer consisting of 17 Ca, 18 Mn, 54 O, 1 La
atoms (x=0.055). For 1) and 2) the unit cells consisted
of 71 Ca, 72 Mn, 216 O and 1 La atoms, what corre-
sponds to the La atomic fraction of x=0.013. For the
layer and slab calculation the vacuum spacing was ∼18
A˚, large enough to isolate atoms from their periodic im-
ages.We used the PBE functional [65], 550 eV as a cutoff
energy and 2×2×2 k point mesh for bulk calculations
and 2×2×1 k for slab and layer, respectively. The ob-
tained equilibrium Pnma lattice parameters (a=5.29 A˚,
b=7.44 A˚, c= 5.26 A˚) are in good agreement with the
experimental data (a=5.28 A˚, b=7.46 A˚, c=5.27 A˚) [67].
The polaron motion is simulated by using an hybrid
ASD-KMC algorithm. An usual simulations works by
performing a standard ASD simulation, that is, each time
step the LLG equation is solved, for a given magnetic
configuration, with the polaron center, i.e. the site that
will define the ferromagnetic exchange cloud, located at
a given site. The motion of the polaron center, is de-
termined by a KMC algorithm, which will calculate how
long time, ∆t, it will take for the polaron center to move
to another site. After a time ∆t has passed, the polaron
center is instantaneously moved to the new site, with the
exchange interactions changing from AFM background to
FM polaron region.
Hence, of this way one can move the polaron center
making use of the energy barriers calculated from ab-
initio, while the magnetic texture evolves via the LLG
equation, whilst tracking the time evolution of the ex-
change interactions, as given by the motion of the polaron
center.
The simulation of polaron center motion was per-
formed according to the following KMC algorithm, for
time tASD = 0
1 Calculate the manifold {rji} of Ni all possible tran-
sition rates from state j to the initial state i. We
assume that the transition rate to NN or NNN spin-
up (spin-down) (see fig. 3a) site finds according to
the Arrhenius law:
rij = ν0e
−Ea
KBT (4)
4and rij = 0 to all other sites (T is the tempera-
ture and Ea is the activation energy of the hopping
event).
The cumulative function then finds as Rij =∑
j rij , where j = 1...Ni.
2 Take a random number taken as ρ ∈ (0, Rij ]). Se-
lect process j for which cumulative function satisfies
the relation:
∑
j−1 rik < ρ
∑
Ni
rik <
∑
j rik
3 Take a random number taken as ρ′ ∈ (0, 1]). Cal-
culate the time needed for the system to evolve to
the new state ∆t = − log(ρ
′)
Rij
4 Update the LLG equation from tASD = t
′ until
tASD = t
′ + ∆t then select state j. If tASD = tmax
end simulation, else set t′ = tASD and go to step 2.
II. THE PARAMETRIZED SPIN-POLARON
HAMILTONIAN
For materials with a large magnetic moments, it is usu-
ally possible to map the magnetic configuration via the
Heisenberg Hamiltonian
H = −1
2
∑
i,j
Jij sˆi · sˆj (5)
where the Ji,j ’s are the Heisenberg exchange coupling pa-
rameters, which determine the strength of the magnetic
interaction between the i-th and j-th magnetic moments
sˆi. For spin-polarons there is a twist to this description,
since electrons become localized over a few atomic sites,
which in turn modifies local inter-atomic exchange in-
teractions. The model of the exchange interactions used
here, is schematically shown in Fig. 2, whereJbb denotes
the coupling between the spin corresponding to the AFM
background of the CaMnO3 lattice, Jpp is the coupling
within the spin-polaron body and Jpb is the coupling of
the boundary of the spin-polaron and the AFM back-
ground. Starting from the G-AFM reference state, which
is the ground state for undoped CaMnO3, we have com-
puted the exchange integrals as a function of La doping.
Details of these calculations were presented above.
A critical evaluation of the accuracy of the obtained
interactions are presented in the Appendix. Here a sym-
metry resolved analysis of the interactions show that the
t2g − t2g interactions are short ranged antiferromagnetic
and rather insensitive to La doping. In contrast, the
eg − eg contribution is shown to be ferromagnetic in na-
ture and strongly dependent on La concentration. For
undoped CaMnO3 the calculated exchange interactions,
when combined with Monte Carlo simulations, reproduce
with good accuracy the observed ordering temperature
(see the Appendix). This establishes a level of accuracy
of the simulations, and gives credence to using Eqn.5 for
the investigations of spin-polarons that are observed in
La doped CaMnO3. As the Appendix shows, the ther-
mal stability of these polarons is significant, of the same
order as that of the underlying AFM order of CaMnO3.
Jbb
Jpb
Jpp
Figure 2: (Color online) Schematic picture of the spin-
configuration of ferromagnetic Mn atoms in the AFM back-
ground, defining the spin-polaron, with three types of ex-
change interaction parameters. Mn moments corresponding
to the spin-polaron are given in red colour.
III. MAGNETIC POLARON HOPPING
BARRIERS
As Fig. 2 illustrates the spin-polaron is a region of fer-
romagnetic coupling in an AFM matrix, which is con-
nected to the excess of electrons in this region. To
study the dynamics of such polarons we adopt a con-
cept where the spin-polaron can jump between two sites
by overcoming a certain energy barrier, Ea. This idea
refers to the well-known Marcus-Emin-Holstein-Austin-
Mott (MEHAM) theory for polaron transfer [43]. Pre-
viously the method, albeit without magnetism, has suc-
cessfully been applied to study lattice-polaron mobility
at ionic interfaces and in band-gap semiconductors with
low crystal symmetry [44, 45]
Studies based on ab-initio theory of the static proper-
ties of spin polarons in LaxCa1−xMnO3 have provided
a theoretical description of the magnetic phase diagram
in the La range of 0 < x < 0.10, in good agreement with
experimental data [41]. These studies have shown that
spin-polarons are stabilised mostly due to the magnetic
interaction at lower La concentrations and due to the
lattice contribution at larger concentrations. To reduce
the influence of the spin-lattice correlations we chose here
to calculate barriers for polaron hopping in the low La
concentration limit, namely, for xLa=0.013. The barriers
were estimated for hopping from the initial site to both
nearest neighbor (NN) and next-nearest neighbor (NNN)
sites, iin a process that is described in detail below. We
calculated the energy barriers for polaron hopping both
for 3D and 2D geometry.
5In practice the polaron is formed from the antiferro-
magnetic matrix by flipping the magnetisation direction
of one Mn atom, and then allowing the atomic positions
and electronic structure to fully relax (for an illustra-
tion see Fig 3a). This creates a local region of ferro-
magnetically coupled Mn atoms that contain one extra
electron that becomes localized on the ferromagnetically
coupled Mn atoms, thus forming a spin-polaron. Spin-
polaron hopping from an initial position to an adjacent
location was controlled via the spin configuration. Spins
at two neighboring sites were simultaneously rotated by
an angle γ in a clockwise and anti-clockwise directions,
respectively, and for each such configuration the elec-
tronic structure, magnetic moment and total energy was
calculated using first principles theory (as described in
the section with details of the calculations). This coordi-
nated rotation of two Mn moments allows the ferromag-
netic cloud to move through the lattice, and the extra
charge associated to the spin-polaron was found to fol-
low this cloud. Hence a simultaneous rotation of two Mn
atoms was found to provide an excellent way to study
the energy landscape of spin-polaron motion. For illus-
tration we show in Fig.3a how a ferromagnetic region
(indicated by thick bonds) is moved along the < 101 >
direction of the lattice. We refer to this movement as a
nearest neighbor (NN) hopping, since there are no other
Mn atoms located between the two Mn atoms that are
rotated. We also investigated movement in the < 100 >
direction, and in this case the two Mn atoms that have
their moments rotated have a third Mn atom between,
with a fixed moment. For this reason we refer to motion
along the < 100 > direction as next nearest neighbor
(NNN) hopping. The energy barrier (or activation en-
ergy, Ea ) of the polaron hopping is determined by the
maximum of the total energy curve along the transition
path (Fig.3b). Our results show that in each point of the
transition path lattice relaxation lowers the energy with
a non-negligible value as compared to the energy of the
unrelaxed lattice (Fig 3b).
The corresponding barriers were also calculated for
free standing, 2D LaxCa1−xMnO3 layer and for the
LaxCa1−xMnO3 surface (modeled as a slab). The max-
imum values of these energy barriers, together with the
bulk data are collected in Table I. When a comparison
can be made, the obtained energies agree well with ex-
perimental data and previous theoretical results. One
can notice that the spin-polarons situated at the surface
have slightly higher mobility (lower energy barrier) than
those in bulk. It is also clear from Table I that the en-
ergy barriers for polaron hopping in different directions
(labeled NN and NNN in Table I) are quite different.
The lowest barrier was found for hopping to the NN site.
Thus, we found that it was energetically favorable for the
spin-polaron to move in the double-exchange active (001)
plane. We also found that the transition barrier varied
by a few meV depending on the La atom position with
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Figure 3: (Color online) Schematic illustration of the spin-
polaron hopping mechanism. a) Spin rotation angle of the ini-
tial Mn3+ (solid red bonds) and final Mn4+ (thin red bonds)
sites, varied in the range of γ = 0◦− 180◦. Note that the mo-
ments are rotated clock-wise (anti-clock wise) for initial (fi-
nal) sites. (b) Calculated transition barriers with suppressed
(dashed line) and allowed (solid line) lattice relaxation. En-
ergies of initial and final spin-polaron configuration differ due
to the different distance between the spin-polarons and the
La impurity. All energies along the transition path are given
with respect to the ground state configuration (see also text).
Table I: Spin-polaron hopping barriers obtained using
DFT+U calculations. Data for a purely two-dimensional
layer (Layer), the surface (Slab) and bulk (Bulk) of La doped
CaMnO3 are shown, both for nearest neighbour (NN) and
next-nearest neighbour (NNN). The lattice structure of the
layer remained unstable during relaxation so that we show
energies only for the unrelaxed case. Note that for bulk there
are two sets of NN and NNN data, depending on the distance
of the spin-polaron and the La doping atom. Earlier theo-
retical results from a t-J model are also listed. Experimental
data explains hopping barriers obtained from the conductiv-
ity and resistivity measurements of LaxCa1−xMnO3 fitted to
the adiabatic small polaron model.
Unrelaxed lattice (meV) Relaxed lattice (meV)
Layer, NN 18 -
Layer, NNN 20 -
Slab, NN 21 10
Slab, NNN 23 14
Bulk, NN 24-27 14-18
Bulk, NNN 44 33
t-J model, NNN [17] 40
Experiment, [36–38] (x=0.02) 20
respect to the polaron. For this reason, in Table I we list
two values for the bulk barrier.
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Figure 4: (Color online) Average times between spin-polaron
jumps of La doped CaMnO3, obtained from the simulations
(see text) for different temperatures and strengths of an ap-
plied E-field.
IV. MAGNETIC POLARON MOTION
In this section, we discuss magnetic temperature in-
duced motion of the spin-polaron. The hopping rate was
obtained from an Arrhenius-type process with the acti-
vation barrier Ea. The magnetic propagation from site
to site was modeled using a hybrid ASD-KMC method.
In this algorithm, the polaron can be characterized by
two quantities, the polaron center, that is the site where
the electron is self-localized and the actual polaron tex-
ture, i.e. the actual ferromagnetic texture resulting from
the local ferromagnetic interactions. At each time step
the Landau-Lifshitz-Gilbert equation is used to deter-
mine the dynamics of the magnetic moments (AFM back-
ground and polaron texture). Whilst, the KMC part of
the algorithm calculates the time it takes for the polaron
center to move to a neighboring site, in which case the
exchange interactions change instantaneously. For each
temperature, we have performed 100 different simula-
tions with different seeds for the random number gen-
erator to obtain statistically relevant results. The energy
barrier of the hopping process to the NN and NNN sites
has been set as the average values obtained by the first
principle calculations for the 3D case, as reported above
(see Table I). The attempt frequency, ω0, was set to be
ω0 = 1 × 1012 Hz, a value that is expected if we assume
spin-polaron motion driven by magnonic and phononic
processes [49, 50].
We evaluated the spin-polaron hopping process using
the hybrid ASD-KMC algorithm and tracked average
times between polaron-center jumps, both in the case
of the random motion (no electric field applied) and in
the presence of an applied external E-field. The effects
of an applied E-field was introduced with a term qE ·r (q
is electron charge and r the position of the polaron cen-
ter) to the energy barrier used in the simulations, taking
into account both electronic and magnetic contributions
to the energy.
We observed from the simulations that both the tem-
perature and strength of the E-filed influenced the mo-
bility of the polaronic center, and the results of the time
between jumps of the polaron center from one site to the
next is shown in Fig.4. It may be seen in this figure that
the average times between polaron jumps decreases by
about two orders of magnitude from 100 ps to 10 ps
as the temperature increases from 25 K to 125 K. From
this figure it is also clear that the hopping rate of the
spin-polarons changes when an external electric field is
applied. For instance, at 25 K the jump time changes
with about one order of magnitude when the jump rate
reaches ∼ 2 · 105 V/cm.
We have furthermore followed the position of a polaron
center, as it moves through the lattice during the KMC
simulation. The normalized probability density of detect-
ing a polaron center at a particular position of the lattice
is plotted in Fig. 5, as a function of both temperature
and applied E-field. Note that the probability density
shown in Fig.5 represents all the events that occurred
for the average of 100 simulations, each one covering dy-
namics over a total time of 1 ns. In the absence of an
E-field, the spin-polaron performs a random walk motion,
that becomes more diffuse, the larger the temperature is
(Fig.5a,b). Using the obtained maximum average dis-
tances at different temperatures, we have estimated the
polaron diffusivity coefficient according to random-walk
diffusion model as D =
〈R2〉
4t , where
〈
R2
〉
is the average
maximum distance which the polaron center has passed,
and t is the simulation time [51]. The obtained values of
D lie in the range of 0.5 · 10−8 − 1.5 · 10−6m2/s (25-125
K), and can be compared to characteristic values for po-
laron diffusion processes [52]. When an external E-field
is applied, the polaron moves along this field (Fig.5c-f).
For a given strength of the E-field, an increased tempera-
ture makes the polaron movement faster, which is natural
since the spin-polaron movement is an activated process.
It is notable, that lowering of the activation energy by
the external electric fields has been recently proved ex-
perimentally in manganese oxide heterostructures [53].
Note that in the chosen parameter range of tempera-
tures and E-field, it is quite possible to control the posi-
tion and the speed of the polaron. For instance, in the
absence of an applied E-field and at a temperature of 25
K or 75 K, the polaron does not move significant dis-
tances, and stays instead at its original position (Figs.5a
and 5b). However, an applied E-field of 105 V/cm can
easily move the polaron over significant distances. For
instance, an E-field of 105 V/cm in the [100] direction
moves (over a time of 1 ns) the spin-polaron a distance
of some 10 nm, when T=25 K (Fig.5c) and over 30 nm
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Figure 5: (Color online) Probability density of single spin-polaron propagation at variable temperatures and E-fields. The
probability densities were obtained during a simulation time of 1 ns. The probability is given both as a color code (illustrated
by the color bar shown on the right of each figure) and as a histogram projected on positions in x- and y-direction (shown to
the right and the top of each figure).
8a)
b) T = 10 K, E-field = 0 V/cm
c) T = 10 K, E-field = 105 V/cm, [101]
d) T = 10 K, E-field = 105 V/cm, [100]
t = 10 ps t = 100 ps
t = 100 pst = 10 ps
t = 100 pst = 10 ps
Figure 6: (Color online) a) Cartoon showing schematically how electrons can be introduced into a substrate of CaMnO3, by an
STM tip, to store information via the formation of polarons that are immobile if no external stimuli, like an E-field, are present
(picture kindly provided by Ms Ella Kurland). Simulation for multipolaron system with NN and NNN hoppings allowed in the
system for b) E=0 V/cm, c) E-field=105 V/cm in [100] direction and d) E-field=105 V/cm in [101] direction.
when T=75 K (Fig.5d). An E-field in the [101] direction
is seen to induce even larger distances of the spin-polaron
motion (Figs.5e and 5f). This means that he drift veloc-
ity of spin-polarons is of order 10-30 m/s. Note that this
speed should be distinguished from the speed of actual
individual spin-polaron motion, or the spin-polaron mo-
bility, that is two to three orders of magnitude larger.
9V. SPIN-POLARONICS AS A TECHNOLOGY
The section above shows that the thermal stability of
the spin-polaron in La-doped CaMnO3 provides an ex-
cellent opportunity to use these quasiparticles in techno-
logical applications. As the results above show, a polaron
can both be kept in a fixed position for a given period
of time, and made to move in desired directions by a
rather weak applied E-field. Hence we propose that stor-
ing and erasing information by means of spin-polarons in
CaMnO3 should be rather straight forward, something
this section outlines. The basic idea is that electrons
added to a substrate of CaMnO3 form polarons, that
stay put for any period of time, and only after an applied
electric field are they moved in any desired direction. By
dressing the electron with a magnetic cloud, this proce-
dure allows to make the motion of a charged quasiparticle
more ’classical’ compared to undressed free charges.
The extra electrons can either be introduced via dop-
ing with a trivalent atom (e.g. La) on the Ca site of
CaMnO3, or as Fig. 6 schematically shows, via an ex-
ternal source, e.g. as provided by a STM tip. Since
these extra charges are associated with a magnetic con-
trast (ferromagnetic) that is different compared to that
of the background material (antiferromagnetic), their de-
tection is straight forward from AFM or STM techniques
[54]. Hence it is possible to store information, e.g. as
Fig.6 shows, in the form of text written with letters in
nano-size, simply by adding electrons in an appropriate
pattern. This information can be stored or erased at any
time, simply by application of an external E-field.
To illustrate this possibility outlined above, we have
performed KMC evolution of the multipolaron system
schematically shown in Fig. 6. We started by intro-
ducing into a CaMnO3 substrate extra electrons in a
controlled way, so that formation of polarons, outlined
with a magnetic contrast the text ”NANO”. If the tem-
perature is sufficiently low, this text stays intact for a
period larger than 100 ps at 10K (see Fig.6b). However,
as Figs.6c and 6d show, an applied E-field erases this text
without difficulty. Movies illustrate in real time how the
text ”NANO” is robust against thermal fluctuations, but
can be erased when an external E-field is applied[55].
This form of writing and erasing text is a natural, but
extreme miniaturization of storing information, and it is
conceivable that further condensation of information is
technologically impossible. It should be noted that writ-
ing and erasing text in nano-sized letters has by now been
realized many times, starting with the pioneering results
of Ref.[56] that used Xe atoms to spell out the name
”IBM”. However, the technology proposed here does not
suffer from extremely long writing and detection times,
in contrast to Ref.[56].
CONCLUSION
In this work we have investigated theoretically the
static and dynamic properties of spin-polarons in La-
doped CaMnO3. In order to do this, we constructed
an effective low energy Hamiltonian, in which all parame-
ters were calculated from first principles theory. This low
energy Hamiltonian is used to investigate the tempera-
ture stability of the spin-polaron, as well as the response
to an external applied electric field. Technically this in-
volves ab-initio electronic structure theory and atomistic
spin-dynamics simulations in combination with kinetic
Monte Carlo simulations. In our study we compared re-
sults from different geometries, like spin-polarons in bulk,
surface and as single two-dimensional layers, and signifi-
cant differences were observed. Where a comparison can
be made, primarily for bulk geometries, the results pre-
sented here compare well with experimental data, and
previous theory.
We demonstrated a remarkable control of the mobil-
ity of spin-polarons in this material, and that the criti-
cal parameters deciding this, is the temperature and the
strength of the applied electrical field. This opens up
for technology using spin-polarons, and our simulations
demonstrate that storing and erasing information mag-
netically, by introduction and control of electrical charge,
is possible, even for rather low strength of the external E-
field. We demonstrate that it is possible to write text in
atomic sized letters, similar to the pioneering text written
by atoms that were moved around with an STM tip[56].
The advantage with the technology proposed here, is the
vast speed with which information can be stored and
erased. It is tempting to contrast the information density,
and writing speed, proposed in Fig.6, to that of the over
2000 thousand year old technology behind the Rosetta
stone.
The technological implications of electrical control of
spin-polarons is only touched upon in the present work.
It is foreseeable that other technologies may be just as rel-
evant. We propose that transistor functionality of spin-
polarons, e.g. in CaMnO3, is possible, given their stabil-
ity and the ease with which one may control their move-
ment with an electric field. Hence charges injected at
one end of a device built from CaMnO3 can be moved
from a source to a drain, and be controlled by an E-
field provided by a gate. Such studies are underway.
Also, exploration of a wider selection of host materials
that can host spin-polarons is interesting, both to estab-
lish functionality at even higher temperature, but also to
find materials where a significant Dzyaloshinskii-Moriya
interaction plays role, so that potentially spin-polarons
with unique chirality can be stabilized. It is foreseeable
that in light of the results shown here, spin-polaronics
may enter an era with many new and exiting results in
basic science and technology.
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APPENDIX: STATIC PROPERTIES AND
THERMAL STABILITY OF THE SPIN-POLARON
Computing the exchange parameters for the system
containing a localised spin-polaron is a computationally
demanding procedure, due to the large size of the sim-
ulation cell. Here, in order to model the La doping of
Ca1−xMnO3, we have used the Virtual Crystal Approx-
imation (VCA) to take La doping into account. This
approach is natural in introducing free charge carriers in
the valence band, and has sufficient computational effi-
ciency. In addition, it was shown for doped LaMnO3[46],
that VCA is able to reproduce the physics of the double-
exchange mechanism in a relatively wide concentration
range. We expect, that it is particularly applicable in
the low-doping regime, since the modification of the elec-
tronic structure is expected to be small.
The obtained results of exchange interactions (Fig. 7)
show that the t2g − t2g contribution is rather short-
ranged and of AFM nature, which is typical for the super-
exchange mechanism with Mn-O-Mn bonds that have an-
gles close to 180 degrees. Moreover, this channel of the
exchange interaction is independent of La concentration.
As Fig. 7 shows, there is a small eg − t2g term, which
appears due to the mutual tilting of MnO6 octahedra
(for undistorted octahedra this channel would be zero,
by symmetry [47]). The eg − eg contribution to the ex-
change integrals is zero for x = 0 due to that these or-
bitals are empty in this situation. However, upon doping
these states become populated and start to participate
in the magnetic interactions, predominantly with a FM
character, due to their double-exchange nature. As Fig. 7
shows, the Jeg−eg exchange is relatively long-ranged and
a close scrutiny of these results show that the nearest
neighbor interaction is almost linearly proportional to
the La doping.
Fig. 7 shows that J1 and J4 (defined in Fig. 7) are the
exchange parameters that most strongly affected by La
doping. This agrees with previously reported results for
La-doped CaMnO3 [46]. These are the interactions be-
tween the atoms belonging to the same Mn-O-Mn-chains.
Along these directions, the lobes of the eg orbitals are
oriented towards O-p states, that facilitates the electron
hopping process and the double exchange mechanism.
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Figure 7: (Color online) Computed exchange parameters be-
tween Mn atoms in La doped CaMnO3 for different La con-
centrations, x, and as function of inter-atomic distance (in
units of lattice constant a). The definition of J1, J2, J3 and
J4 is illustrated in the top of the figure.
The calculated Jij ’s together with the magnetic mo-
ments (that we calculated to be 2.51± 0.05 µB/Mn atom,
for all La concentrations), allow us to parameterize the
inter-atomic exchange interactions of the spin-polaron,
via an effective spin-Hamiltonian. When combined with
atomistic spin dynamic (ASD) simulations, this opens
up for an investigation of the dynamics of these objects.
In order to model the magnetic interactions of the spin-
polaron, one has to take into account that charge gets
localized in space, and we made the following treatment
to simulate this:
(i) First of all, we assume that the eg electron is lo-
calized within the body of the polaron and hence does
not participate in interactions with long range that goes
outside the spin-polaron. This implies that we consid-
ered only NN exchange couplings for the ASD simulation.
This approximation was tested against the ab-initio cal-
culated distribution of the excess charge associated with
the seven-site spin-polaron in bulk. We found that the
electron associated with the spin-polaron is distributed
essentially only over a central atom and its nearest neigh-
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bours, which justifies a short ranged double exchange
within the spin-polaron only.
(ii) Second, we approximate the distribution of the
excess eg electron to be homogeneous over the central
site and its neighbours in the magnetic polaron. In
this way, the interactions in the inner part of a spin-
polaron, with Ns-sites, is described by the set of Jij ’s
from Fig. 7 corresponding to x = 1/Ns. On the bound-
ary of the spin-polaron, the exchange coupling occurs be-
tween the ions with t32g and t
3
2ge
1/Ns
g configurations. In
this case, the eg − t2g contribution can be approximated
as J
eg−t2g
1 (x = 1/(2Ns)), due to the linear dependence of
this coupling on x. Summarizing, we arrived at an inter-
polation scheme of exchange interactions of spin-polarons
of any size, defined from the calculated nearest neighbor
parameters shown in Fig. 7, in the following way:
Jpp = J1(x) (6)
Jpb = J
t2g−t2g
1 (x/2) + J
eg−t2g
1 (x/2) (7)
Jbb = J1(x = 0). (8)
We have used the relationship x = 1Ns , since one elec-
tron is associated with any Ns-site polaron. According
to the formalism introduced above, the parameters listed
in Table II have been used for the dynamics of the spin-
polaron.
Table II: Parameters used for the ASD simulations for Ns-
site polarons. Mp refers to the values of the Mn magnetic
moments belonging to the polaron. Mb corresponding to the
background spins was calculated to be2.45 µB . The coupling
Jbb was calculated to be 5.35 meV. The exchange parameters
Jpb and Jpp are defined in the text.
Ns Mp (µB) Jpp (meV) Jpb (meV)
5 2.56 9.40 -6.77
7 2.53 6.61 -6.54
8 2.52 4.99 -6.31
11 2.51 3.36 -6.09
13 2.50 1.99 -5.85
Next we used the extracted exchange parameters to
study the stability of the magnetic polarons, with respect
to temperature fluctuations. The investigation is done
both for a 2D and 3D lattice, making use of an extended
Heisenberg Hamiltonian
H = −1
2
∑
i,j
Jijmˆi · mˆj −Kani
∑
i
(ei · eK)2 , (9)
with the exchange parameters listed in Table II. Here mi
denotes the Mn-projected atomic magnetic moment at
site i. Furthermore, Kani is the parameter characteriz-
ing the magnetocrystalline anisotropy, while ei and eK
are the direction of the moment of atom i and the easy
axis direction, respectively. The magnitude of the Kani
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Figure 8: (Color online) Top panel. Crossed points indicate
experimentally measured magnetisations in the bulk sample,
for lanthanum doping levels of x=0.01-0.03 [48]. Note that ex-
perimental magnetisation curves are normalised to 1 at 0 K.
Bottom panel. Computed average magnetisation for a variety
of spin-polaron configurations in 2D and 3D lattices (schemat-
ically shown to the right), using an effective spin-Hamiltonian
and Monte Carlo simulations (see text). Results for the 3D
case are shown with dashed lines while the results of the 2D
case are shown as solid lines. Note that different sizes of po-
larons are investigated. The experimental ordering temper-
ature of bulk CaMnO3 (∼125 K) is indicated by a vertical
dashed line.
is set to 0.01 mRy, and it is used to have a well defined
quantization axis, mostly for visualization purpouse. In
general, the presented results are not strongly dependent
on the value of the anisotropy. In these calculations it
is only the thermal stability of the magnetic sublattice
that is of interest, something we investigated by means of
Monte Carlo simulations, using the Metropolis-Hastings
algorithm, of the spin-system, where the polarons were
considered to be fixed at a given crystal site, and were
not allowed to move from site to site. We considered
magnetic polarons of varying size, in the range of 5-13
sites (7-13 sites) for the 2D (3D) case, and the polaron
geometries outlined in the right-hand side of Fig.8. To
improve the statistics for each spin-polaron configuration,
one hundred different realizations, with different random
number seeds of the Monte Carlo simulations had been
taken.
The average magnetisation of the polaron region,
〈MSP〉 has been considered as the average magnetization
taken over the polaron region, SP , and averaged over the
different realizations:
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〈MSP〉 = 1
Nens
Nens∑ 1
Nmax
Nmax∑
n∈SP
mn (10)
For the treatment of 2D systems, a 100x100 square lat-
tice was evaluated as a basis for the simulations, where
periodic boundary conditions were considered in the in-
plane directions (for 3D systems we have considered su-
percells of 20x20x20, with periodic boundary conditions
in all directions).
In Fig.8 we show the average magnetisation for dif-
ferent spin-polaron configurations. It is interesting first
to note that calculations performed for impurity-free
CaMnO3 indicate a critical temperature at ∼ 135 K in
excellent agreement with the experimental data (Fig.8,
top panel). This establishes the accuracy of the exchange
parameters and the spin-model used to investigate tem-
perature effects. The values of the magnetisation of the
spin-polaron region is seen to be non-zero well above
the ordering temperature for all choices of geometry of
the spin-polaron. This deonstrates the ropustnes of the
spin-polaron with respect to thermal fluctuations. It is
however not a reflection of exchange interactions being
stronger in this region, but rather a consequence of short
range ordering that survives in most magnets well above
the bulk ordering temperature. It can also be seen in
Fig.8 that for the 2D case, 〈MSP 〉 decreases quicker as a
function of temperature (Fig.8, bottom panel) compared
to the magnetisation curve of bulk CaMnO3, as expected
for a system with reduced coordination number. We also
notice that for the 2D case, the temperature dependence
of the spin-polaron is almost independent on size.
As for the 3D magnetisation (see Fig.8, bottom panel,
dashed lines) we observe similar trends to that in the
2D lattice. However, one may notice that the magneti-
zation for all magnetic polaron configurations saturates
at higher temperatures than in the 2D, as expected. We
also note that for the 3D case, the size dependence is
weak when it comes to the behaviour of 〈MSP 〉 with re-
spect to temperature. Interestingly, for the 3D polarons,
〈MSP 〉 remains finite well above the ordering tempera-
ture of undoped CaMnO3 (∼135 K), as is shown in Fig.8.
The result agrees with experimental results reporting sta-
bility of the polaronic centres in the paramagnetic phase
beyond the Neel temperature [31].
The results presented above indicate the importance
of the coordination number for spin-polaron stability. As
we already mentioned in the introduction, previous the-
oretical studies on spin-polaron formation in lanthanum
doped CaMnO3 discovered charge localisation preferably
in the double-exchange active plain (101) [41]. How-
ever, spin-polarons with higher coordination number (in
bulk against of surfaces, for example) seem to stabilise
at higher temperatures.
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